Abstract. In the context of minimally-invasive procedures involving both endoscopic video and ultrasound, we present a vision-based method to track the ultrasound probe using a standard monocular video laparoscopic instrument. This approach requires only cosmetic modification to the ultrasound probe and obviates the need for magnetic tracking of either instrument. We describe an Extended Kalman Filter framework that solves for both the feature correspondence and pose estimation, and is able to track a 3D pattern on the surface of the ultrasound probe in near real-time. The tracking capability is demonstrated by performing an ultrasound calibration of a visually-tracked ultrasound probe, using a standard endoscopic video camera. Ultrasound calibration resulted in a mean TRE of 2.3mm, and comparison with an external optical tracker demonstrated a mean FRE of 4.4mm between the two tracking systems.
Introduction
Many procedures can be performed using endoscopy as a viable alternative to open surgery. Such minimally-invasive approaches can reduce recovery time, length of hospital stay, and morbidity. During such procedures, surgeons employ an endoscopic camera to view the organ surface and an endoscopic ultrasound (US) probe to visualize structures within the organ. In a typical surgical configuration, the video and US images are presented separately and in 2D. The surgeon must, therefore, perform spatial reasoning to mentally map the US image onto the video. Furthermore, the 2D nature of these images results in decreased depth perception.
Navigated endoscopy incorporates a spatial tracking device to infer the pose of the US probe relative to the camera, allowing US images to be registered to, and fused with, the video. The fused image is more intuitive, and lowers the cognitive load by eliminating the mental transform between the two images, which may improve hand-eye coordination of the surgeon. Examples of such systems include tumour resections using magnetic [4] , robotic [9] , photoacoustic [3] , and vision-based [12] tracking systems, with Langø et al. [8] providing a comprehensive overview. Systems that employ extrinsic tracking devices increase cost, impact surgical workflow, require additional sterilization, and introduce other limitations such as line-of-sight and metal interference issues for optical and magnetic tracking solutions respectively. Intrinsic tracking using the endoscopic camera to perform spatial measurements [12] does not incur these limitations, but accuracy, robustness, and the need to modify standard surgical instrument may be of concern. In particular, vision-based tracking in an endoscopic environment may be subject to lighting conditions, erroneous feature detection, and occlusion.
In this paper, a vision-based tracking system using a standard surgical laparoscopic camera is presented. A 3D marker was designed and rigidly attached to the semi-cylindrical back surface of a standard linear laparoscopic US probe, providing a set of features that can be reliably detected in the video sequence. Based on an Extended Kalman Filter framework, the proposed system is capable of tracking the 3D marker in 6 degrees of freedom, in the presence of spurious and/or missing features, even under strong specular lighting conditions. The tracking capability of the proposed system is demonstrated by performing an US probe calibration, along with both visual and quantitative validation procedures.
Methods and Materials
Given a set of known 3D model points M , and a set of 2D observed features U as imaged by the camera, the process of 2D-to-3D registration can be treated as a Perspective-n-Point (P nP ) problem. In general, a P nP solution requires the correspondence between the 2D and 3D features to be established, as well as the optical properties of the imaging system to be known [13] .
In practice, spurious features are often detected in the image, and features may be missing due to occlusion or strong specular lighting conditions. Therefore, to ensure robust operation of P nP algorithms, it is advantageous to address both the correspondence and pose estimation problems simultaneously. The proposed method employs an Extended Kalman Filter (EKF) framework [11] to constrain the search for feature correspondence. Given a calibrated camera and a 3D marker, possible poses of the 3D marker with respect to the camera are represented as a Gaussian Mixture Model (GMM). Uncertainty relating to the pose of the marker is propagated from the 3D model space to the 2D image space using EKF equations, constraining the search space for feature correspondence in a sequential fashion. A globally convergent P nP algorithm is applied to further refine the estimation established with at least 4 correct correspondences.
Hardware Setup
An "X-Corner" fiducial pattern (Fig. 1) was rigidly attached to the curved backsurface of a linear endoscopic US probe (UST-5536-7.5, Aloka, Japan) to serve as the 3D marker. A local 3D coordinate system of the pattern was defined, with the locations of the black-and-white intersections (i.e. X-corners) accurately determined using a measuring microscope (STM6-LM, Olympus, Japan).
